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ABSTRACT

The trend towards digital and microprocessor based control of power
electronic converters has increased the level of research into digital
modulating techniques. This thesis examines the inherent digital nature of
Binary Rate Modulation with particular attention concentrated on its
suitability for dispatching power to three-phase loads. The circuit topology of a
three-level inverter is also examined and its performance aspects are compared
with those of the more conventional two-level inverter.
Integral cycle Binary Rate Modulation is applied to an ac voltage
controller and this method of power dispatch, which displays an optimal ac
cycle positioning property, is compared with Pulse Width Modulation
dispatch. Harmonic analysis of loads using both techniques is described,
revealing improvements in system performance when Binary Rate
Modulation is used.
Speed control of a separately excited dc motor using Binary Rate
Modulation is investigated and compared to Pulse Width Modulation control.
It is shown that Binary Rate Modulation can be operated at a higher controller
gain, effectively giving better disturbance rejection and faster performance in a
closed-loop control system. Moreover, the method of producing Binary Rate
Modulation waveforms is shown to be simple and comparable with that for
Pulse Width Modulation in any computer system.
The application of Binary Rate Modulation to two-level and three-level
bridge inverters is studied along with fundamental frequency switching which
is the most suitable method of power dispatch for high power applications.
The total harmonic distortion, and loss factors which give a good indication of
the losses incurred by an induction motor are presented for Binary Rate
Modulation, three-level, twelve-step and six-step operation as a means of
comparison. Simulated and experimental results are also presented.
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CHAPTER 1

INTRODUCTION

Power electronics has experienced revolutionary advances in recent
years. New circuit topologies along with the ever decreasing cost of power
semiconductor devices have increased the number of commercially viable
applications. In addition, the advances in microelectronic fabrication
technology have led to a growth in consumer and industrial electronics, all of
which require regulated power supplies.
Industrial applications use power electronic systems to provide the most
cost effective means of improving the energy efficiency. This is achieved by
operating semiconductor devices as switches, being either fully on or fully off.
Apart from reducing the operating costs, the improved efficiency eases the
difficulty of removing the heat generated by wasted energy [1]. At the core of
any power electronic system are power electronic converters. The two general
classes of converters are
(i)
(ii)

Line-frequency converters where the semiconductor switches use
the natural commutation of the utility line voltage to turn off.
Switching converters where the semiconductor devices either use
their inherent turn-off capability or else forced commutation to
facilitate their operation over a wide frequency range.

The performance of power converters depends on the control and
circuit topology used. At the heart of the control strategy are power mod
ulating techniques which are nowadays mainly implemented using digital
hardware.
This Thesis, as mentioned in the abstract, investigates the suitability of
using Binary Rate Modulation (BRM) with power electronic converters. The
modulating technique is applied to ac voltage controllers (which are forms of
line frequency converters) and also to dc choppers and dc-ac inverters (which
are particular types of switching converters). Also examined are three-level,
three-phase bridge inverters whose application to induction motor control has
been attracting considerable attention during recent years [2,3,4,5].

1.1 An Overview of Binary Rate Modulation (BRM).

BRM, with its near optimal distribution of pulses over a cycle [6,7], is a
digital based modulating technique which has a distinct advantage over Pulse
Width Modulation (PWM) [8] in digital controlled applications. Its waveforms
can be generated from binary rate multipliers [9] with a zero output carry
position, or alternatively, a firmware implementation can be used which
eliminates the unwanted carry position [10].
There are of course numerous modulating techniques in existence (e.g.
Pulse Position Modulation (PPM) is one such technique [11]). However, PWM
has been by far the most popular, where in essence, the power is dispatched in
consecutive pulses at the start of a cycle, and for the remaining part of the cycle
the supply is zero. Such a dispatch has the ability to create substantial ripple in
a process output. Nevertheless, it readily finds applications in areas such as
servo control systems because of the once-on, once-off nature of the signal
over the cycle. Another advantage of PWM dispatch is once its input signal has
been calculated, it is then only necessary to time the length of application of
the signal, to the point of de-activation. This allows a digital controller to
perform other tasks while a count-down is being performed. For these reasons
BRM is only compared with PWM systems.
Binary rate signals are derived from a counting process to the base 2 [12].
If B pulses are to be dispatched then
B = k„2^+k^_,2--^+ .... +k,2^+ko2^

(1.1)

where k^, k^_^, .... k^, k^ is the binary bit representation of B. If there are a total
of 2"''*^^ pulse positions in a cycle and R is the energy in each pulse of length r,
then the mean power dispatched is given by

T

=R

+

■■■■

(1.2)

where T = 2"*’t

^=7
It may be observed that the pulses are dispatched at frequencies of
/ ^ depending upon which bit in the binary representation of B
7/
is set to a 1 or 0.
The preceding overture shows that BRM waveforms can be generated
using a simple counting process, similar to that used with PWM. A typical set

of BRM waveforms (without carry pulses) is shown in Fig. 1.1 for the case
m = 3 (4 bit representation of B). The corresponding set of PWM waveforms is
also shown for the sake of comparison. It can be seen that the set of BRM
waveforms has a sub-set of linear independent waveforms, namely
/1//2//4
all other waveforms being linear combinations of them. For
example /s = A + fr
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Figure 1.1

PULSE WIDTH MODULATION

BRM and PWM unipolar waveforms.

It may also be observed that those pulses turned on in the linear
independent waveforms have optimal distribution, whereas those in the
linear combination waveforms do not necessarily have this property ; they
having a near optimal distribution. The linear independent waveforms can be
described by
2"-!

(1.3)
b=0

where u(t) is the unit step function
a=

x=
V

>fl+l

-1 + ^7

2" y

Both sets of waveforms illustrated in Fig. 1.1 were used in conjunction
with a dc chopper, as described in Chapter 3, to control the speed of a separately
excited dc motor [13].
1.2 Applying BRM to AC Voltage Controllers

AC voltage controllers use either phase firing or integral cycle control to
regulate the power applied to a load [14,15]. Integral cycle control, which has in
the past generally employed PWM, turns on an integral number of ac mains
cycles allocated to a control period. Waveforms for the PWM version of
integral cycle control are shown in Fig. 1.2 alongside their corresponding BRM
waveforms. The semiconductor switches are turned on and off at zero voltage
crossings of the ac input voltage to relieve switching stresses and other
problems associated with phase firing (see Chapter two. Section 2.2 for an
overview of phase firing).

A/At

f:

A/

A;---- %---- V
f.

--------%--------%------- %-

---VArA;—V"

-%

-ArArA---- VArAr-ArArArArArArA/"
VArArArArArArA
A'ArArAAArArArA
A'AAArArArAAArA;
f., VAAArAAArAAArA
WVAA/VAAArAAA
AWAAAAAAArAAA
AWWWAAAA/m
AWIAAAAAAAAAAA
BINARY RATE MOCHJLATION

Figure 1.2

AV-

m

AWlrAVWV
AWWVAVWWV
OAAAAAAArAIAAAAAA/V
AWUIAAAA/VmWlAAAA/V
AWWWIAAA/VAIAAAAAAAAA/W
miAAAAAAAA/W
AWIAAAAAAAAAAA
PULSE WIDTH MODULATION

BRM and PWM integral cycle waveforms.

The power factor (PF) and total harmonic distortion (THD) are among
the important factors to be considered when choosing a modulating technique
for use with an ac voltage controller. These in turn indicate how the controller
affects the ac mains voltage [16].
1.3 Applying BRM to Switching Converters
It has already been discussed how the BRM waveforms shown in Fig. 1.1
may be applied to a dc chopper. An inverter is another class of switching
converter which converters dc power to ac power. Practical inverters produce
non-sinusoidal waveforms and it is the task of whichever modulating
technique is employed to reduce the output harmonic content to a minimum.
The principal motives for considering BRM for use with an inverter were its
ease of implementation and its intrinsic digital nature.
The conventional two-level, three-phase bridge inverter is shown in
Fig. 1.3. It is widely used in industrial applications where it is necessary to
control both the output power and output frequency.

Figure 1.3 :- Two-level, three-phase bridge inverter.
Traditional modulating techniques such as sinusoidal PWM (SPWM)
were readily implemented using analogue circuitry. Problems arose however,
when operating an induction motor at low speeds because of the difficulty of
producing a low frequency sine wave reference signal without encountering dc
offset. To overcome these problems the modulating techniques are nowadays
generally implemented using digital circuitry. Among the more sophisticated
digital modulating techniques are optimum PWM and regular sampled PWM.
These provide excellent levels of performance in terms of accuracy but the
high switching frequency of the semiconductor devices may significantly
increase motor and inverter losses. They are most suitable for low-to-medium
power applications [17].

Two examples of bipolar BRM waveforms (+, -) which are produced in
conjunction with a two-level inverter are illustrated in Fig. 1.4(a). These
waveforms appear at points A, B and C on the two-level inverter, each being
displaced by 120°. The more authentic bipolar BRM waveforms (+, GND,-)
shown in Fig. 1.4(b) require a three-level inverter (see Fig. 1.5).

(a)

^6--

(b)
Figure 1.4 :- Bipolar BRM waveforms (a) and (case m=3) produced by a
two-level inverter; (b) and (case m=3) produced by a threelevel inverter.
The operation of the three-level inverter is similar to that of a two-level
can switch
inverter apart from the fact that its pole voltages ( Vj^q, v g^and
between three discrete states instead of just two.
Vqq)

Figure 1.5

Three-level, three-phase bridge inverter.

1.4 Fundamental Frequency Switching
High power applications are generally forced to use fundamental
frequency switching where the power semiconductor devices switch on/off
only once per cycle (in this particular case the two-level inverter is referred to
as a six-step inverter because of the shape of its line-to-neutral voltage
waveforms
andz^cw)incentive for this is to minimise the
switching losses in the semiconductor devices. Unfortunately the output
waveforms deteriorate as a result and bear a poor resemblance to a sinusoidal
waveform. Very often it is necessary to integrate two or more six-step inverters
to improve the quality of the output waveform [4].
Three-level inverters provide an alternative approach, and although
studied in the past they have not been produced commercially because of the
relatively large number of power semiconductor devices required which
increase manufacturing costs. Declining prices of semiconductor devices may
however alter this position and it was decided, during the course of this
project, to investigate the matter.
1.4 The Induction Motor
The squirrel-cage induction motor is the workhorse of modern industry
because of its robust construction and reliable maintenance-free operation. It
has traditionally been used in adjustable-speed drives and in recent times has
made considerable inroads into the servo drives market where the dc motor
once prevailed.
Many loads are of the constant torque variety in which frictional forces
predominate (e.g. belt conveyors with a fixed load, hoisting machines, mine
lifts etc.). The constant torque requirement may be provided by reducing the
applied voltage to the induction motor in proportion to the reduction in
operating frequency. This ensures a constant stator current (assuming

negligible resistance) which in turn avoids the possibility of magnetic
saturation occurring in the stator cores at low frequencies [18].
Closed-loop control of the induction motor was not employed as part of
this project because attention was concentrated on how harmonics, introduced
by the inverter, effect the induction motor.
1.5 Overview of Thesis
Chapters two and three detail the study and experimentation on the
application of BRM to ac voltage controllers and dc choppers respectively,
continuing some of the work already developed in [12]. These are relatively
independent chapters as the rest of the thesis focuses on applying BRM to an
inverter driven induction motor.
Chapter four presents an overview of the traditional modulating
techniques applied to a two level inverter. A three-level inverter is also
discussed and BRM is analysed for both circuit topologies. The theory behind a
twelve-step inverter and fundamental frequency switching with a three-level
inverter is provided in Sections 4.2.4 and 4.3.2 respectively.
Chapter five considers how current harmonics and magneto-motive
force harmonics affect an induction motor.
Chapter six provides the circuit designs involved in constructing the
three-level induction motor drive with printed circuit board layouts and
component values reserved for Appendices C and D respectively.
Chapter seven presents and analyses the simulated and experimental
results obtained with the induction motor under three-level operation, BRM
and six-step operation. The simulated waveforms were created using PSpice
which is a general purpose software package for simulating electronic and
electrical circuits.
Appendices A and B derive closed form expressions for integral cycle
and three-level, bipolar BRM waveforms respectively .
The data for the numerous frequency spectra illustrated throughout this
thesis along with the BRM control signals were produced using algorithms
written in the C programming language [19].

CHAPTER 2

HARMONIC ANALYSIS
INTEGRAL CYCLE BRM

OF

2.1 Introduction
AC voltage controllers modulate the power flow to a load by varying the
rms value of the applied ac voltage. They generally employ semiconductor
devices such as thyristors and TRIACs to switch on and off the voltage. The
semiconductor switching devices have a number of advantages over
electromechanical relays; there's no contact bounce upon closing and they
have very high switching speeds [20]. AC voltage controllers (see Fig. 2.1) are
commonly used in residential and industrial applications, and for controlling
motors with a high mechanical inertia. The two most popular methods of
modulating the power with these controllers are the well known techniques of
phase firing and pulse width modulation (PWM). The problems inherent with
phase firing (switching stresses, switching power losses and radio frequency
interference (RFI)) are overcome by PWM by turning on and off each of the
switches when the switch voltage, (and switch current in the case of resistive
loads ), is zero.
TRIAC
p-------------------------------------------

i
>

V,

1

<

(
r
0--------------------------------------------

Figure 2.1

1

A TRIAC based ac voltage controller.

An alternative to the PWM technique is Binary Rate Modulation
(BRM). Both techniques are forms of integral cycle control as each turns on an
integral number of ac cycles per period. However, the optimal ac cycle
positioning property of BRM reduces the large output ripple associated with
PWM while maintaining the aforementioned advantages of PWM over phase
firing.
2.1.1 Overview

Phase firing and PWM are revised to provide a direct comparison with
BRM. Their basic equations (for a resistive load) are simply declared rather
than derived since most power electronic text books contain these derivations
[21].

The closed form expression for the rms harmonic voltages presented in
Section 2.4 is derived in Appendix A. The results of the fourier analysis of
BRM are compared with the basic equations of phase firing and PWM and
conclusions are given in the final section of this chapter.
2.2 Phase Firing

Phase firing is a well known method for modulating the ac mains. For
the circuit shown in Fig. 2.1 the power flow to the load can be controlled by
delaying the firing time of the TRIAC. Fig. 2.2 illustrates the output waveform
associated with phase firing where t is the delay time.

Figure 2.2

Phase firing waveform.

If Vg = Vg sin cot is the supply voltage, the rms voltage can be found from

=

-f
7 Jo

10

(2.1)

where T is the phase firing control period
(0

Ik
=

v=V.

1 (

In I

sin2T^

(2.2)

K- T +---------

2 j

The total harmonic distortion (THD), which indicates the closeness in
shape between a waveform and the supply's fundamental component, is
defined as

THD =

(2.3)
n=l

n*f

where (Vo)„ is the n‘^ harmonic rms output voltage.
For phase firing the total harmonic distortion is given by
..

If

1 f

sin2T^

sin2T^

. 4

(2.4)

while the input power factor (PF) is given by
PF =

(2.5)

VA

where P^ is the power delivered to the load and VA (Volt-Amperes) is the
total available input power.
It can been shown for phase firing that
If

n-T +

sin2r^
>
~

11

26

( . )

2.3 Integral Cycle PWM
PWM is another well documented modulating technique used with ac
voltage controllers such as that shown in Fig. 2.1. The TRIAC is turned on for a
number of ac cycles at the start of each control period. Fig. 2.3 shows the output
waveform associated with PWM.

Figure 2.3

A typical PWM waveform.

If the input voltage is connected for r cycles and disconnected for q
cycles, the rms output voltage can be found from

=

(2.7)

T{q + r)

where T is the PWM control period
In
T is the period of the supply voltage.

{q + r)\^

V2

(2.8)

where k = —-— and is known as the duty cycle
iq + r)
y
is the rms value of the supply voltage.
V2

The equations for the THD and the PF associated with the PWM
waveforms are given in Equations 2.9 and 2.10 respectively.
THD =
12

n-k

(2.9)

PF = Vjt

(2.10)

2.4 Integral Cycle BRM
BRM is a novel modulating strategy which was first proposed for use
with ac voltage controllers in references [7] and [12]. The harmonic analysis of
integral cycle BRM is continued in this section with a closed form expression
being used for calculating the rms harmonic voltages of the linear
independent BRM waveforms. A typical BRM waveform is illustrated below
(see Fig. 2.4) where five cycles are dispatched out of a period of fifteen.

Figure 2.4

A typical integral cycle BRM waveform.

Any one of the linear independent integral cycle BRM waveforms can be
generated from the following formula over a period of (2'”^‘ -1) ac cycles
2“-!

(
u t-

b=0

where

f f 2^+1
ytn+i ^
t
+ b-1 + b----- T - U tr\a+\
’

fya+l

2“ J

J

1

,m+l A

(2.11)
2“

is the peak value of the supply voltage.
m is an arbitary integer.
a = 0,1,2,...m.
u(t) is the unit step function.
T is the period of the ac supply voltage.
Ik

Since /

is an odd function with quarter wave symmetry, its fourier series

representation is given by

13

^2“ ~

(2.12)

; Ai = 1, 3, 5
«=i

where

2
=—
| /,.
sinwcyrcfr ; « = 1, 3, 5 ...
T
2.
In
co = —
T
T is the duration of each control period

The closed form expressions for calculating the rms harmonic voltages
/
Ij \
^ are shown below (see Appendix A for their derivations)

{v.i =

V sm
. 2 nm/

V2V,
K

A

^

W

(2.13)

sin2nff(^i^)

for n= 1, 3, 5,
n ^ (2'”-^' -1)
,

h,\

- *2--. -^sf

2-

(2.14)

2/n+l “ 1V

2.5 Derivations of the Total Harmonic Distortion and Power Factor for BRM
The THD for the linear independent BRM waveforms is initially found
and a general term is then derived for any combination of these waveforms.
To find the THD and PF, one must first find
and (Vo) n..i_i where ( ^ ) ™^! is
the rms load harmonic voltage at the supply voltage frequency.
The number of ac cycles to be dispatched, out of a possible (2'”'^^ -1)
2

1

0 2

cycles, for a linear independent waveform is 2“ . Therefore the rms output
voltage can be found from

(2.15)

=

^
where the duty cycle, k , equals

2“

^

(2”*’-l)

We found from Equation 2.14 that

14

T

(^0)2-’-! - ^

The total harmonic distortion is given by

THD =

(Vol

livo):

;in our case (V'J, =

(2.16)

M=1

n*f

(2.17)
V*'

substituting in (i)

(

2" 1

for

IV2J

& (ii)

"
(V ^
—-j----r —r^ for Vj

we get
(m+l

THD =

but (2"*^^

2a

-1

(2.18)

- lc>tal number of cycles in the BRM period

and 2“ = number of dispatched cycles per period
THD =

n-k

; the same as that for PWM.

(2.19)

It is now shown that the THD for any BRM waveform (i.e. not only the
linear independent waveforms) is given by

THD =

n-k

(2.20)

Recall that for the linear independent BRM waveforms

{y0)2’**^~ ^
Therefore for any BRM waveform

15

2“
(2m-H_i)

(2.21)

r

2°
2m+l

where d„ is "1" if
Otherwise its "0".

^ 2^ ^
^
+ ....
+
-f
2m+1 “ -IV
“A;

d„

^

2"

''
+ ....+d„

1
2m+l “ly

2"'

^

2m+l --1 V
(2.22)

is required to construct the BRM waveform in question.

V. do2^ +d^2^ +

.... +d^2''4- ....

+d„2'

2>w+i_-j

(2.23)

but (do2®+d^2^+ .... +d^2“+ .... +d^2'”) are the number of dispatched pulses
and (2"*^^ -1) are the total number of pulses.
(2.24)
It is also noted that the rms load voltage of any BRM waveform will be given
by
y_ys rio- of dispatched cycles
V2 V
total no. of cycles

(2.25)

(2.26)
it follows that the total harmonic distortion is given by
THD =

ll-k

(2.27)

i.e. BRM has the same THD as PWM.
The PF for BRM (operating on a resistive load) is derived below
P
PF = -ij2_

VA

where

Pq is the power delivered to the load
VA (Volt-Amperes) is the total available input power
VI
=> PF = -7-2- for a resistive load
VJ.
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(2.28)

(2.29)

where

V\ is the rms supply voltage

is the output rms current
/g is the input rms current
but L = L

V2
v.=I^WI
PF =

Vfc

(2.30)

It can be seen from the above result that BRM and PWM have the same power
factor.
2.6 Harmonic Analysis

It has been shown that BRM and PWM have the same THD. Fig. 2.5
illustrates this for various values of the per unit power (PUP), where PUP =
power delivered/power available for the case of a resistive load.
THD

Figure 2.5 Total harmonic distortion of BRM and PWM.
This is an intriguing fact when one considers the differences between
the frequency spectra of BRM and PWM waveforms. Fig. 2.6 to 2.8 compare
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their frequency spectra, where examples are provided for the cases of four,
seven, and eleven ac cycles being dispatched out of a period of fifteen cycles
(the corresponding waveforms are illustrated in Fig. 1.2).
(VJ,

Figure 2.6

(a)
(b)
Frequency spectra for the case where 4 out of 15 cycles are
dispatched (a) BRM ; (b) PWM.

iv,)„

Figure 2.7

(a)
(b)
Frequency spectra for the case where 7 out of 15 cycles are
dispatched (a) BRM ; (b) PWM.
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(V.)„

Figure 2.8

(a)
(b)
Frequency spectra for the case where 11 out of 15 cycles are
dispatched (a) BRM ; (b) PWM.

Use is made of the harmonic distortion factor [22] to distinguish the
differences between the frequency spectra of BRM waveforms and those of
PWM waveforms. The harmonic distortion factor (DF) is defined as

DF =

(2.31)
"=1V

where {Vo)f is the fundamental harmonic of the supply voltage.
However to take into account both the sub and super harmonics of BRM
and PWM the definition is slightly altered as follows
2ni+i

DF =
W =1

{h-nf

+
«=1

(«+ir

(2.32)

This is equivalent to a second order filter attenuation response centred
at the supply frequency. Using this definition Fig. 2.9 illustrates the DF for both
BRM and PWM where we see BRM has a distinct advantage.
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DF

per unit power (PUP)
Figure 2.9

BRM and PWM harmonic distortion factor comparison.

2.7 Summary
Phase firing has the lowest THD of the three modulating strategies
analysed in this chapter. However, the problems inherent with phase firing
(switching stresses, switching power losses and radio frequency interference
(RFI)) are overcome by BRM and PWM by turning on and off each of the
semiconductor switches when the switch voltage is zero.
BRM and PWM were found to have the same total harmonic distortion
and power factor for purely resistive loads. In the case of loads that are not
purely resistive, use is made of the harmonic distortion factor. BRM was
discovered to have a much lower harmonic distortion factor than PWM,
indicating that for these loads BRM will have a higher power factor than that
for PWM.
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CHAPTER 3

SPEED CONTROL OF A DC
MOTOR USING BRM

3.1 Introduction
The outstanding features of dc motors are their suitability to control and
their versatility. When used with chopper drives they offer a variety of
performance characteristics for both dynamic and steady-state operation, since
they can have either series or separately excited field windings. They are
generally used in applications requiring a wide range of motor speeds or
precise control of motor output.
A separately excited dc motor is a machine which has independent
armature and field winding circuits. It is usually operated under constant
torque control where the field excitation is fixed and the armature voltage is
varied to control the speed.
A permanent-magnet dc motor is a special type of separately excited dc
motor where the field winding is replaced by a permanent magnet. This means
that space is not required for field windings, and thus permanent-magnet
motors are more compact and in some cases cheaper than their externally
excited counterparts.
Chopper control of dc-to-dc drives provides an attractive alternative to
the traditional schemes which prevailed in this application field. The

'o

A

0^
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traditional schemes employed resistance control techniques resulting in
excessive heat dissipation, which is an important consideration especially in
underground applications such as transportation and mining operations.
Choppers can be used for regenerative braking of dc motors to return energy
back into the supply and this feature reduces energy losses. They are widely
employed to control separately excited and series dc motors. A typical onequadrant chopper is shown in Fig. 3.1. A smoothing inductor can be inserted in
the circuit as shown to reduce the variation in motor currents.
SMOOTHING
INDUCTOR

TR

V..

CONTROL
CIRCUITRY

A

I

-LOAD

D

Figure 3.1 :-One quadrant chopper.
Speed control of the dc motors referred to is usually performed by PWM,
where the output voltage is controlled by varying the duration of the transistor
"on" time in relation to the chopping period. BRM is an alternative to PWM,
and its optimal pulse positioning property gives it a distinct advantage over
PWM. The method of producing the BRM waveforms is straightforward and
comparable with that for PWM in any computer system.
3.2 Application of BRM to a Separately Excited DC Motor
Fig. 3.2 illustrates a separately excited dc motor. In keeping with the
constant torque requirement the armature current should remain constant
since [23]
T„=k<l>,I
f

«'•

where

is the torque
/c is a constant
0^ is the field flux
L, is the armature current.
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(3.1)

DC
MOTOR

Figure 3.2

A separately excited dc motor.

The armature current is given by

j _Var-E,
where

(3.2)

is the armature terminal voltage
is the back EMF
is the armature resistance.

The back EMF varies in proportion to the speed, co, according to the following
equation
Ej =

t«PiO)

(3.3)

It follows that the armature terminal voltage varies with the motor
speed. The transfer function of the separately excited dc motor, as a ratio of the
speed to the input armature voltage, can be simplified to give [13]
(0{s)

VaM)
where

sT^ + 1

(3.4)

is the plant dc gain
Tp is the plant time constant.

BRM dispatch of power to such a system produces a significantly lower
ripple factor compared to that produced by PWM. The BRM waveforms, as
described in the Introduction chapter, are derived from a counting process to
the base 2.
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To dispatch B pulses, then
r- -^0
B = fc„2’"+fc„.,2”-’+ .... +fc,2‘1 +. fc„2

(3.5)

where the set k^, k^_^, .... k^, /Cg is the binary bit representation of B.
Two examples of unipolar BRM waveforms (without the carry pulses)
are shown in Fig. 3.3 for the case m = 3. The corresponding PWM waveforms
are also shown.
f.
BRM

PWM

(a)

BRM

PWM

(b)
Figure 3.3

Typical BRM and PWM waveforms (i) 3 pulses dispatched out of a
period of 15 ; (ii) 9 pulses dispatched out of 15.

The linear independent waveforms (/i,/2//4/ and/g for the case m = 3) are
generated from

A-

-Xt)-u{t-{X + 1)t) - u(t - (x + 2"'*’ -1) t) - M(f - (x + 2""^*) t)]

=

(3.6)
where a = 0,1,2,...w.
/ om+l

x=

2<i+i

V

-1 + b

2’ 1+1 \
2^

)

T is the width of an individual pulse.
2n
=

The remaining waveforms in the BRM set are linear combinations of
the independent waveforms.
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3.3 Control Performance with BRM Dispatch
If the input to the motor is considered to be a pulse train of unit energy
per cycle with on time ar and off time bz , the output steady state ripple of the
speed is given as [13]

(3.7)

ripple =
\-e ^

y
where the ripple is defined as the difference between the highest and lowest
values of the steady state response to the pulse train and z is the pulse time.
This expression enables one to look at the ripple effects of both BRM and PWM
for known ratios of a pulse time to the plant time constant
.For the case of
^ = 0.01 and m = 3 the ripple produced by both BRM and PWM are shown in
Fig. 3.4. If it is assumed that ^((1 and m is large (m > 3) then the reduction in
ripple in going from half scale dispatch PWM to half scale dispatch BRM is
proportional to 2'" [10]. It is noted that the maximum ripple occurs in the BRM
scheme (m = 3) when only one pulse is being outputted. The maximum ripple
occurs in PWM when half of the pulses are being outputted. Fig. 3.5 is a graph
of these maximum values of ripple versus ^ . It shows the distinct advantages
of a BRM scheme. Similar trends are encountered for higher values of m .

r
Figure 3.4

Output ripple for both BRM and PWM — = 0.01; m = 3
, T
VP
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\

PWM
BRM

T

Figure 3.5

Maximum BRM and PWM ripple for different ratios of —; m = 3.

It could be argued that the cycle time of the controller in a PWM scheme
can be reduced and so eliminate the need for BRM, as reduced cycle time will
reduce the ripple content. This however may not be possible in some
applications for the following reasons [12]:(i)
(ii)

The microprocessor may not be fast enough for the plant
dynamics.
The control of a single dc motor may be just one of many tasks
in a multi-tasking system. For example, the microprocessor may
have to control a number of motors, display temperature and
humidity readings, run keyboard routines etc. These functions
can be performed while a dispatch is in progress. As in the case of
PWM, BRM only needs to set a counter and use interrupts after
each pulse.

3.4 Implementation
The motor used was a Feedback type MS150 Modular Servo System and
it was configured to give a first order transfer function with Kp=l and
Tp=1.385s. An eddy current brake provided the load. Fig. 3.6 illustrates the
hardware drive circuitry which employed a low pass filter (LPF), having a cut
off frequency of 50kHz, to eliminate high frequency noise. The reference
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voltage Vwas compared to the tachogenerator voltage using a TL081 OPAMP. The ERROR signal interfaced to the PC via an Analog Devices RTI-800
interface card, with a 12-bit analogue-to-digital converter (ADC). The PC then
ran an algorithm to output the appropriate BRM waveform to a power
amplifier which drove the motor.
Implementation of the controller was achieved using a standard recur
sive equation derived from the transfer function; namely
op(nTJ = K e(nT,) + ^'te(iT,)

(3.8)

^ i i=0

where

is the sampling time
op(nT^) is the value which determines the next BRM waveform to
be dispatched
Kp is the gain of the plant
e{nTg) is the error between the actual speed and the set point value
T- is the integral time.

The sampling time was set to 150ms and implemented using a software
interrupt, with integral windup avoidance also programmed into the
controller.
POWER ELECTRONICS
AMPLIRER

’'ref
O—

+ ___

ERROR

ADC
CARD

PC CONTROLLER
&
BRM ALGORITHM

SEPARATELY EXQTED
mT , ^ ^
DC MOTOR
r^lirl load

LOW PASS
HLTER

TACHOGENERATOR

Figure 3.6 :- Hardware system diagram for speed control of a separately excited
dc motor.
A brief explanation of how the BRM routine runs is as follows [13]:- The
output of the controller is placed in a four bit register (m = 3). By examining
the unipolar BRM waveforms shown in Fig. 1.1 it can be seen that if the most
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significant bit (MSB) of the controller output register is set to a 1, i.e.
=1; (m = 1), 2^ pulses should be outputted at every second pulse position.
Every second pulse position can be identified by the least significant bit (LSB) of
a counter changing to a 1. Similarly, if the next MSB is set to a 1 (i.e. k2 =1) in
the controller register, then a pulse should be outputted for the next LSB
changing.
And so a counter, which contains the number of pulses to dispatch over
a BRM cycle is preset at the start of each cycle. At the detection of each pulse
position (software interrupt) a counter is decremented by 1 and noting which
MSB changed to either a 1 or 0, a mask register is obtained which contains a
single bit set to a 1 corresponding to a reflected bit 1 position of a 1 to 4 bit
register (m = 3). By then logically "ANDing" the mask register with the
controller output register and if the result is non zero, a pulse should be
outputted. This algorithm allows for very efficient coding and is similar to that
employed with PWM in concatenating pulses of length t together to form the
on pulse using counters in DSP and microprocessor applications and either
software or hardware interrupts to time out t .
3.5 Results
Fig. 3.7(a) shows the BRM input to the motor (top) and the motor's
speed response (bottom) for the BRM waveform f^; m = 3 and = 150ms. For
the same average output power (five concatenated on pulses out of fifteen)
over the same period. Fig. 3.7(b) shows the corresponding PWM input and the
speed response of the motor. The difference in speed ripple is clearly noted
between these two responses.

Figure 3.7(a)

BRM input /g and motor response.
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Figure 3.7(b)

PWM input | — | and motor response.

Fig. 3.8 illustrates another example with twelve pulses dispatched out of a
period of fifteen, where BRM is again shown to result in superior motor
performance.

Figure 3.8(a)

BRM input /^2
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motor response.

Figure 3.8(b)PWM input

a5>

and motor response.

3.6 Summary
BRM has been exposed as a method of dispatching power to a separately
excited dc motor for speed control. Its performance when compared to that of
PWM is seen to be better in that the ripple is significantly less, especially at
around mid-scale dispatch.
The method of producing BRM waveforms is straightforward and
comparable with that for PWM. For the same ripple performance BRM can be
operated at a higher controller gain, effectively giving better disturbance
rejection and faster transient performance in a closed-loop control system.
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CHAPTER 4
MODULATING TECHNIQUES FOR
TWO-LEVEL AND THREE-LEVEL,
THREE-PHASE BRIDGE INVERTERS

4.1 Introduction
DC-to-AC inverters are used in ac-motor drives where the objective is to
produce a sinusoidal ac output whose magnitude and frequency can be
controlled. However, the basic switching action of the inverter normally
results in non-sinusoidal output voltage and current waveforms that may
adversely affect motor performance. The filtering of harmonics is not feasible
when the output frequency varies over a wide range, and the generation of ac
waveforms with low harmonic content is important. When the inverter feeds
an ac motor, the output voltage must be varied in conjunction with frequency
to maintain the proper magnetic conditions. PWM techniques [24,25,26,27] are
generally used below the base frequency of the motor to give the linear
voltage/frequency relationship required for constant-torque operation. Above
base frequency the inverter outputs maximum voltage, which is in the form of
a fixed-amplitude six-step waveform in the case of a two-level inverter. This
mode of operation gives the motor a constant-horsepower characteristic, and a
torque capability which decreases with speed.
Inverters can be broadly categorised as either Voltage Source Inverters
(VSIs) or Current Source Inverters (CSIs). VSIs are fed by a constant dc voltage
source while CSIs, as their name implies, are fed by a constant dc current
source. Attention is confined to VSIs and its modulating techniques, since this
Thesis is based on these types of inverters. The most common type of VSI is
the two-level bridge inverter which is capable of switching between two
discrete voltage levels. However, over the past number of years there has been
increased interest in three-level inverters which can switch between three
discrete voltages levels. Their main advantage over convention two-level
inverters is that they have the ability to output a closer approximation to a
sinusoidal current above base frequency and for high power applications
where the number of switchings per cycle has to be reduced to a minimum.
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Two-level inverters, on the other hand, are less expensive because they use
fewer semiconductor devices.
4.1.1. Overview

This chapter is divided into two main sections. The first section
concentrates on the conventional two-level, three-phase bridge inverter.
Those modulating techniques most frequently used with this inverter are
described along with the application of BRM to such an inverter. The second
section pertains to three-level, three-phase bridge inverters. BRM and ThreeLevel Operation, (this is the term given to fundamental frequency switching
operation applied to a three-level inverter, where the semiconductor devices
in the inverter switch a minimum number of times per cycle), are analysed for
this inverter and their probable effects on an induction motor are outlined.
The various modulating techniques, for both types of inverters, are compared
in the Results and Analysis chapter.
4.2 The Two-Level, Three-Phase Bridge Inverter

The basic two-level dc-to-three-phase bridge inverter is shown in Fig. 4.1
feeding a balanced wye-connected inductive load. It comprises six power
switches (MOSFETs in the circuit shown) together with six associated reactive
feedback diodes. Each of the three legs operate at a relative displacement of
1200.

Figure 4.1 :- The two-level, three-phase bridge inverter.

32

For six-step operation, the two MOSFETs of each leg are switched on and
off for alternate 180^ intervals. By taking the midpoint of the dc supply as
reference point 0 and assuming instantaneous switching, the pole voltages
Vj^Q, VgQ and
have the square waveforms shown in Figs. 4.2(a), (b) and (c).
These voltage waveforms are unaffected by changes in load and their Fourier
series expressions are given by [17]

V

Tt
^CO “

^d

n

n
sin ( ^
1

sm

111
+ — sm
+ — sm 5a)f + — sm 7 o}t+.
3
5
7

2n^ . 1/' . 2;r^
2;r^1 1 . 0 X 1 . r f
+ sin— cot------ +.
+ —sin3(yf + —sm5 cot3 , 3
3 j
7l.
5
y

( . 4;r^
f ^ 47rA . If . 4;r^
sm cot------ + —sin3fi;f+ —sin5 cot------+sin— cot-------- +.
I
3 ) 3
3j
7I,
3)
5
(4.1)

The line-to-neutral voltages, (refer to Fig. 4.2(e)), are given by
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where the Fourier series of

for example, can be shown to be
1 .

'AN

1

1

= -V, sm cot + —sin5cot + —sm7cot +—smllc9f+.
n
5
7
11

(4.3)

The high triplen (3'“^, 6"*, 9^, etc.) harmonic content of the pole voltage
waveforms is suppressed in the line-to-neutral voltages by isolating the load
neutral point. These harmonics now appear between the load neutral and the
dc mid-point as shown by
in Fig. 4.2(d). The inverter current waveforms
are determined by the load characteristics. When an induction motor is
powered by a six-step VSI the current waveforms in each phase are similar to
that shown in Fig. 4.2(f) for a passive RL load. These currents have a significant
harmonic content and their influence on motor behaviour is studied in
Chapter 5.
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Figure 4.2

General waveforms for a three-phase, six-step inverter with a wyeconnected inductive load.

Many adjustable-speed drives are required to have a constant-torque
capability throughout the speed range and this is achieved if the air gap flux in
the motor is maintained constant at all speeds. This can generally be
accomplished by operating the motor with a constant voltage/frequency ratio
(constant volts/hertz control). In a six-step inverter, the output voltage
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waveshape over one cycle does not vary with frequency, and there is a fixed
ratio between the magnitudes of the dc link voltage and the ac output voltage.
Modern six-step inverter drives vary the dc link voltage to control the ac
output voltage by a means of a dc chopper with a filter on the output. The filter
smoothens the rectified voltage but introduces a time lag which slows down
the transient response of the system.
Other forms of voltage control are PWM and its various derivatives
which are described in the following section. The main advantage of the PWM
techniques over six-step operation is that the need to vary the dc link voltage is
eliminated.
4.2.1 Traditional Modulating Techniques

The traditional modulating techniques are implemented using
analogue circuitry and use a triangular wave v^, to modulate a reference
voltage v^. The reference signal is usually either a square-wave or a sinusoidal
wave and the techniques are referred to as square wave PWM and sinusoidal
PWM (SPWM) respectively. Fig. 4.3 illustrates the formation of the firing
instants for both of these techniques.
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Figure 4.3(b)

Formation of SPWM firing instants.

The voltage harmonics associated with the pole voltages (e.g. 17^q) and
consequently with the line-to-neutral voltages (e.g.
consist of two separate
sets of harmonics:(i)
(ii)

All the harmonics of the reference signal.
The switching harmonics:- this set of harmonics results from
switching the reference signal on and off during each half cycle.
The position of the switching harmonics in the frequency
spectrum are a function of the carrier ratio, p, where
p=—
fr

; /c is the carrier frequency
; /, is the rererence frequency.

(4.4)

Typical frequency spectra for square-wave PWM and SPWM line-toneutral voltages are illustrated in Fig. 4.4 where the harmonics shown are
normalised with respect to the fundamental.
It is obvious from these illustrations that the line-to-neutral voltages for
SPWM will have significantly less harmonic distortion than their square wave
PWM counterparts.
The dominant switching harmonics in the line-to-neutral voltages are
sidebands of p and Ip (where p is the carrier ratio), resulting in the following
two sets of harmonics [1]:(i)
(ii)

p±\, p±l, p±3,....
2p±l, 2p±2, 2p±3,....
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Figure

4.4 (a) Square-wave PWM line-to-neutral frequency spectrum;
(b) SPWM line-to-neutral frequency spectrum.

The inductance of the induction motor acts as a filter and if the
switching harmonics are at sufficiently high frequencies they'll have
practically no effect on the smoothness of rotation of the shaft (they may
however, produce significant motor losses). It can be seen from Fig. 4.4(b) that
if the switching harmonics are suppressed in the case of SPWM, then the ideal
situation is approached whereby only the fundamental remains.
Both modulating techniques are suitable for normal to fast speeds, but
problems may arise when they're used to control a motor operating at low
speeds. The low order harmonics (5'^, 7^^ etc.) associated with square-wave
PWM may cause the motor shaft to rotate in jerks, or steps at low speeds.
SPWM, on the other hand, is difficult to implement using analogue circuitry
at low speeds because problems arise when attempting to produce a low
frequency sine wave reference signal without encountering dc offset. Squarewave PWM is rarely used nowadays because a digital version of SPWM has
been developed which overcomes the problem of dc offset [17].
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4.2.2 Sophisticated Digital Modvdating Techniques

Over the past number of years, more sophisticated switching patterns
have been suggested in which specific low-order harmonics are suppressed or
the total harmonic content is minimised. These techniques can be effectively
implemented using microprocessor based control strategies. Two such
techniques are optimum PWM and regular sampled PWM.
4.2.2.1 Optimum PWM

In general, each pole voltage of a three-phase bridge inverter will have
the same shape as the waveform shown in Fig. 4.5. If the waveform has
quarter-wave and half-wave symmetry as shown, the amplitude of the
harmonic voltage is [17]
coskcoTi

kn

(4.5)

1=1

where X is the number of switchings per quarter cycle. The designer can
control the fundamental and suppress any (X-1) harmonics. These are
usually chosen to be the lowest order harmonics present in the waveform.

V.--1

-V.Ti T2

^3

Tx-i Tx

Figure 4.5 :- Optimum pole voltage waveform in PWM inverter.
The necessary switching times are calculated for discrete values of
fundamental voltage,
using an off-line mainframe computer. They are
then stored in a ROM look-up table so that optimum PWM can be
implemented in real-time mode.
4.2.2.2 Regular Sampled PWM

Regular sampled PWM is similar to the digital version of SPWM. The
sinusoidal modulating wave is sampled at regular intervals and this stepped
waveform is compared with the triangular carrier signal. In a ROM-based
implementation of regular sampled PWM, there is a substantial reduction in
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the amount of memory required compared to the requirements of natural
sampling for SPWM.
4.2.3 BRM applied to a Two-Level Three-Phase Bridge Inverter

The pole voltages that are produced by a two-level inverter under BRM
control, for the case m = 2, are shown in Fig. 4.6. It can be seen that the
frequency of the waveforms
and
is seven times the frequency of the
remaining waveforms in the set. Generalising, it can be stated that for any
value of m, the frequency of the waveforms
and f^„ is (2"''^^ -1) times the
frequency of the remaining waveforms. This feature immediately rules out
BRM for use with a two-level inverter when controlling a motor because the
motor speed would increase by a factor of (2'”^^ -1) when transitions occur
between either f^„_^ and
or
and f^„ .

Figure 4.6 :- BRM pole voltage waveforms for a two-level bridge inverter.
It may be observed from Fig. 4.6 that is identical to
phase shifted by
a half cycle and in general
is identical to
phase shifted by a half cycle
for x = \, 2, 3, ...., 2"" -1. This is another feature which makes BRM unsuitable
for use with a two-level inverter because the output voltage content should
increase linearly when going from through to /y.
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4.2.4 The Twelve-Step Inverter

The twelve-step inverter is constructed by combining two six-step
inverters and is often used in ac motor applications where the harmonic
current of a six-step wave is deemed excessive. Fig. 4.7 illustrates the formation
of the twelve-step waveform. The two six-step inverters are designed to have a
phase displacement of 30 degrees and suitable output transformer connections.
DELTA-WYE
TRANSFORMER

\
3-PHASE
OUTPUT

Figure 4.7 :- The Twelve-Step Inverter.
The line-to-line voltages on the secondary of the A-Y transformer are given
by [28]
111

1

sin cot -f- —sinScot + —sin7cot + —smllcyf -i-—smlScot.
5
7
11
13
where

(4.6)

is the maximum step amplitude.

The A-A transformer has its windings ratio chosen such that its line-to-line
secondary voltages are expressed as
111
1
v(t) = ^V, sm cot —smScot—sm7cot
+ —smllcDf +—smlScot.

5

7

11

13

(4.7)

When these waveforms are added together, they produce the twelve-step
waveform shown in Fig. 4.8, whose fourier series is given by
1111

sm cot + — sm 1 Icof -I- — sml3cot +—sm23cot +—sm25cot....
11
13
23
25
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(4.8)

It can be seen from the above expression that there are no harmonics lower
than the eleventh in a twelve-step inverter.

Figure 4.8

The Twelve-Step Waveform.

The output transformers can be eliminated in motor applications (if the stator
windings are available to the designer) by combining the inverter outputs in
the stator windings. This is generally undesirable however, since it is
preferable to keep the inverter and the motor as separate entities.
4.2.5 Voltage Source Inverters versus Current Source Inverters
In practice inverters fall into one of two categories; either Voltage
Source Inverters (VSIs) or Current Source Inverters (CSIs). The significance of
the term voltage source is to emphasise that over the short time of one cycle of
the output ac waveform, any change in the dc source voltage is negligible. The
dc source will almost always be derived from a rectifier with a large capacitor
placed across the dc input line of the inverter.
The CSI is one in which the current from the dc source is effectively
constant, irrespective of events in the inverter. In practice it is supplied from a
dc source via a large inductor. Compared to the VSI the CSI has the following
advantages [29,30]
(i)
(ii)

when conventional thyristors are employed, simple commu
tation methods may be implemented using capacitors only.
the output can be short-circuited momentarily without fusing
occurring because the link inductor prevents sudden current
change.
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(iii)

regeneration is relatively easy.

On the other hand, the dc link inductor and commutating capacitors are
bulky components that increase the size, weight and cost of the CSI drive. The
large inductance can adversely affect the transient response of the drive and
the inverter thyristors and diodes must have a high blocking voltage rating
because of the large commutating voltage spikes. These CSI features are
regarded as being unsuitable for low power, or low speed applications.
4.3 The Three-Level, Three-Phase Bridge Inverter

Fig. 4.9(a) shows a three-level, three-phase voltage source bridge
inverter feeding a balanced wye connected load. It contains twelve power
MOSFETs and six reactive feedback diodes. Each leg requires two
MOSFET/diode pairs to be connected in parallel to the OV line for bi
directional current control. These are required because MOSFETs cannot block
current flowing from the source to the drain terminals when the source
terminal is at a higher potential than the drain. The operation of the threelevel inverter is identical to that of a two-level inverter apart from the fact that
its pole voltages can have three discrete voltage states instead of just two.
Fig. 4.9(b) shows the equivalent circuit using ideal mechanical switches.

Figure 4.9(a) :- The three-level, three-phase bridge inverter.
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Figure 4.9

(b)
(a) The three-level, three-phase bridge inverter using ideal
mechanical switches to represent the MOSFETs shown in
Fig. 4.9(a).

4.3.1 BRM Applied to a Three-Level, Three-Phase Bridge Inverter

A selection of pole voltage waveforms that are produced by BRM for a
three-level inverter (for the case m = 3) are shown in Fig. 4.10 along with their
frequency spectra. The BRM linear independent waveforms are generated
using the following formula :- Xr) - u(t - (X + 1)t) - u(t - (X + 2”*' - i)t) - u(t - (X + 2'”"’)t)]

fi- =

(4.9)
where

is the dc link voltage, (refer to inverter diagrams ; eg Fig. 4.9(a))
m is an arbitary integer.
a = 0,1,2,...w.
u(t) is the unit step function.
T is the width of an individual pulse.
In
=
t+1 \

X=

Ofl+1

-1 + b-

T

Since
is an odd function with quarter wave symmetry its fourier series
representation is given Equation 4.10.
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/j. = '^b„smncot

; n = 1, 3, 5 ...

(4.10)

n=\

2
where bj, = —
T r / , sinncotdt ; n = l, 3, 5 ...
Ik

co =

—

T
T is the period of the BRM waveform.

The harmonic voltages,

V2

of the linear independent waveforms can be

calculated using

K =

2y[2V,

sin M;r(^i^)sin ^(f )(^;;;^)

tin

sm riK( -r.- ]

K
smM —j

forn = l, 3, 5...

h = l,2, 3, ....
(4.11)

V =

2^[2V,
nn
cos

Sinn

^n
Tr\f
1
\\ . f K^
Sinn
m+l
-1
U 2
- 1/y

for n =/i(2"'*' -1)

m
(4.12)
V =

2V2V,
-T
nn
cos (;r2"'-“)

Sinn

a=m
(4.13)
These closed form expressions are derived in Appendix B. They were checked
and verified by filling their corresponding b„ values into Equation 4.10 and
using the output data from a software algorithm based on this equation to
reproduce the BRM waveforms in Dadisp; Dadisp is a software package which
was employed to read in the sampled BRM waveform amplitudes and plot
them in the time domain.
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Figure 4.10

BRM pole voltage waveforms and their frequency spectra
(case m = 3); (a)
; (b)
; (c) fg; (d)
.

The BRM line-to-neutral voltages, (corresponding to the pole voltages
shown in Fig. 4.10), are shown in Fig. 4.11 along with their frequency spectra.
The harmonic voltage amplitudes of these waveforms were calculated from
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our knowledge that for any wye-connected load, the line-to-neutral voltages
are given by

L(t) = j

(4.14)

IT

where /p(f), fp

three pole voltages.

If / (f) is an odd function, which it invariably is, and its dc term is zero then

L{t) =

1 2^b„sinncot -^b„sinnco\ t
w=l

n=l

\-^b„smnco f.

—

3

V

«=1

\tK 2sinno)t-smno)\ t T\ -sinwcy t- 2T
--------------

3/

^ n=l

r.
1

2T)

(
■
but sin w CO f-----H-smna)
1
3J

3 7

IT

(4.15)

= 2siny4cosB

where (i) ^4 + B = nco\
(ii) A-B = nco\

A = ncol t & B = nco\ —

27"

\)

f
^ .
f T^
= 2sinwco t
cos n CO
1 2)
V
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V.
.
(T\
A
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3
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(4.16)

f
L = ilK sin ncDt 1 + cos
1
n=\

(4.17)

Consequently the
value of the line-to-neutral voltage, /in(f), (denoted
by hj, can be expressed in terms of the
value for the pole voltage, /p(f), as
follows
K=-K
n
3 n 1 + cos

tlTt

(4.18)
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BRM line-to-neutral voltage waveforms and their frequency
spectra (case m = 3); (a) ; (b) ; (c) fg .
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The main advantage BRM has over most other modulating strategies is
its ease of implementation using digital circuitry. It is clear however, from
Fig. 4.11 that the BRM line-to-neutral voltages have a large low order
harmonics content. In addition, it can be seen that the low order harmonics,
actually increase with a reduction in the line-to-neutral voltage content. This
indicates intolerable torque pulsations at low speeds for a motor operating
under constant volts/hertz control. Consequently, for the case m = 3, it is
inadvisable to use the BRM waveforms
to/5.
An induction motor will perform satisfactorily at medium to high
speeds when controlled by any one of the BRM waveforms
to
However,
constant volts/hertz control can not be accurately maintained over a wide
speed range because the waveforms /^ to /^5 consist of only ten discrete voltage
states. This may or may not be acceptable, depending on the quality of the
motor performance requirements.
4.3.2 Three-Level Operation
Three-level operation (TLO) has a number of characteristics in common
with six-step operation. Each semiconductor switching device in the threelevel inverter turns on/off only once per cycle, which reduces the switching
losses and makes it particularly suitable for high power applications. Another
feature it has in common with six-step operation is that it varies the output
voltage by adjusting the dc link voltage rather than changing the shape of the
waveform. Fig. 4.12 shows the relevant waveforms associated with TLO, and
the gate logic to achieve the pole voltage,
is given in Table 4.1 (refer also to
Fig. 4.9(b)). VgQ and
similarly formed, with phase displacements of 120
degrees and 240 degrees respectively.
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TLO waveforms (a) pole voltage
(b) line-to-neutral voltage
(c) line-to line voltage
Vj^q)

.

Table 4.1
Output

u^o

1

+ V',
0
-V'.

Gate logic for

v

AO

SI

S2

S3

1
0
0

0
1
0

0
0
1

The fourier expression for the pole voltage shown in Fig. 4.12(a) is [31]
X^osMcyr, sinncDf

nnt[

(4.19)

The value of
can be selected to eliminate any one specific harmonic,
(i.e. the fifth harmonic can be eliminated by letting
but it is generally
more desirable to reduce the total harmonic distortion (THD) of the line-toneutral voltage,
which is the strategy we chose.
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Attention is concentrated on the line-to-line voltage
it is easier to analysis.
Note:-

however, since

The harmonic content of the line-to-neutral voltage is the same
as that for the line-to-line voltage, and the difference in wave
shape between the two voltages is due solely to the different
phase relationship between the fundamental and its harmonics.
Therefore, both waveforms have the same THD.

The fourier expression for the line-to-line voltage is given by
v.n = VH-—^cosncoT sinncot + V.—^cosncoTo sinncot
nnt:[
2

—y (cos n COI + cos n cox^) sin n cot

(4.20)

2

The task one faces is to find the values of Tj and T3 which correspond to
the minimum THD.
can then be derived from these values which defines
the pole voltages. One method for finding the values of X and T3 is as
follows:2

The THD of v.. is ’’(Vab)' -1 * 100%

(4.21)

where (V^b)^ is the rms value of the fundamental
(Vab)„ is the rms value of the stepped wave.

but

f 2V2V ^

n

(COSCOX +0086)13) '

derived from Equation 4.10 by

2

letting n = l.
& {VAst =

8V.
Y - O.ySoTj - 0.25a)T2
n

;

is obtained directly from
Fig. 4.12(c).

i^Ast _ if -0.75ft)T, -0.25<ot,
{^abX

(cos COT + cos 6)T3 )
2
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(4.22)

As

is the difference between two phase voltages.
(4.23)

To = - - To

5;r

-0.5a>To
(4.24)

(cos(f-toT3) + cosa)T3)'

To minimise the THD, the term

(Vab)1

(V'.b):

should be minimised. Let

n

y

(^ab)i

—-O.StOT,

12

'

(cos(f -corg) + cos coTg)'

(4.25)

minimising y,

^=0=
dear.

12

COs(f - COTg ) + cos COTg
sin (OTg - sin(f - ftiT3)

-O.ScoT.

(4.26)

The following values were returned by a software algorithm written in the C
programming language:To =
To =

These values correspond to

24

(4.27)

I
8

shows the frequency spectra for

the pole voltage, v^q, and the line-to-line neutral voltage,
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respectively.

(vj,

Figure 4.13

(a) TLO frequency spectrum for
for V,'AN.

(b) TLO frequency spectrum

The THD for TLO's line-to-neutral voltage is 16.8% compared to 31.08%
for that of six-step operation. This indicates significantly reduced motor losses
and lower torque pulsations.
4.4 Summary
Various modulating techniques for use with two-level and three-level
bridge inverters have been analysed. Particular attention was paid to BRM and
TLO for three-level inverters. They are analysed further in the Results and
Analysis chapter where they're compared with other modulating techniques.
The main conclusion to be taken from this chapter however, is that BRM
should not be used with two-level inverters for the purpose of driving a motor
because it results in erratic speed fluctuations.
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CHAPTER 5

HARMONIC EFFECTS ON AC
INDUCTION MOTOR
OPERATION

5.1 Introduction

Ideally the three-phase induction naotor will have sinusoidally
distributed windings supplied by sinusoidal currents. Practical winding
arrangements however, can only approximate a sinusoidal space distribution,
resulting in the presence of magneto-motive force (MMF) space harmonics.
MMF time harmonics will also be present in the motor if the stator windings
consist of current harmonics (which they invariably do when the motor is
controlled by an inverter). The current harmonics reduce both the efficiency
and the life expectancy of the induction motor while the MMF harmonics
produce torque pulsations which cause motor rotation to occur in a series of
jerks at low speeds.
5.1.1 Overview

A brief description of the polyphase induction motor and its equivalent
circuit are reviewed. Voltage and current waveforms are provided for six-step,
TLO and BRM operation, and loss factors are stated in Section 5.3.3 to assist in
the comparison of these techniques.
5.2 The Induction Motor and its Equivalent Circuit

The three-phase induction motor is one in which three-phase alter
nating currents are supplied to the stator windings directly, and to the rotor
bars, (or windings in the case of wound rotors), by induction or transformation
action. These currents establish an air gap magnetic field of constant amplitude
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which rotates at a synchronous speed

60 f
= —— rev/min (where

is the

frequency of the stator currents and p is the number of pole pairs). The motor
runs at a speed
which is slightly less than synchronous speed. As a result,
the rotor slip with respect to the rotating magnetic field in the air gap is given
by
s = —---- -

(5.1)

This relative motion between the stator flux and the rotor conductors
induces voltages of frequency sf^ , called the slip frequency, in the rotor. Thus,
the electrical behaviour of an induction motor is similar to that of a
transformer. The rotor current
lags the rotor emf by the rotor phase angle
0^, and the motor torque is proportional to the in-phase rotor current, I^cosd^.
The output torque is also proportional to the fundamental air gap flux,
and
in general the torque is given by [17]
T = KO

cos 0,

(5.2)

where K is a constant. Fig. 5.1 shows a typical induction motor torque-speed
curve.
Torque

Figure 5.1 :- Induction motor torque-speed curve.
At standstill, the stator currents can be five or six times rated current,
but the starting torque is low. The low value of torque can be explained by the
fact that the rotor impedance (see Fig. 5.3) is highly reactive at standstill
because the slip s is relatively large and the rotor frequencies are high.
Therefore the rotor power factor, and consequently the rotor power and torque,
are all low at standstill. In an adjustable frequency system, the supply frequency
is reduced for starting. This results in a high starting torque and the magnitude
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of the initial current can also be controlled by adjusting the voltage applied to
the stator. Fig. 5.2 shows a family of torque-speed characteristics for different
frequencies.
Torque

Figure 5.2

Induction motor torque-speed characteristics for different speeds.

The equivalent circuit of one phase of the three-phase induction motor
is shown in Fig. 5.3. By analogy with the transformer, the effects of stator
resistance, stator and rotor leakage reactance, and core losses are included in
the equivalent circuit.

Figure 5.3 :- Induction motor equivalent circuit (for one phase).
is the stator resistance
is the stator leakage reactance
X, is the rotor leakage reactance
is the rotor resistance
X^ is the equivalent reactance of the air gap
The values for the 4-pole, 180W, ABB motor used, were given as
R^=64Q,
X^=24f2, X^=42Q and X^ = 297^2 (these values are for

55

50Hz operation). The motor when operating on full-load was only 51%
efficient and had a power factor of 0.63. It should be noted that the stator and
rotor resistance values are much larger than those of a typical three-phase
induction motor. This, however, did not obstruct the formation of general
conclusions relating to the suitability of controlling three-phase induction
motors with the digital modulating techniques under investigation.
5.3 Current Harmonics and their Effect on Induction Motor Drives
Current harmonics lead to increased loses which in turn reduce the life
expectancy of the induction motor. They also increase the required current
rating of the transistors used in the voltage source inverter which controls the
motor [18].
5.3.1 Inverter Current Rating
Fig. 5.4 shows the stator voltage and current waveforms recorded when
operating on six-step, TLO, and BRM (m = 3; /^) voltage supplies respectively.
Large current peaks are produced by the BRM waveform which has a high
harmonic content. The TLO current waveform, on the other hand, has a
relatively low current peak value corresponding to the low harmonic
distortion of the voltage waveform. It is clear from the waveforms that the
required current rating of the inverter transistors increases with the harmonic
distortion of the modulated voltage.

Figure 5.4(a) :- Six-step stator voltage and current waveforms.
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Stator voltage and current wavefornas; (b) TLO waveforms; (c)
BRM (m = 3;/i) waveforms.
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5.3.2 Motor Losses

The losses in an induction motor are exacerbated by current harmonics
resulting in reduced operating efficiency. Apart from reducing the efficiency,
the losses also increase the operating temperature of the motor. The
temperature rise resulting form the losses can unduly shorten the life
expectancy of the machine because deterioration of the insulation is a function
of both time and temperature. The life expectancy of the induction motor is
given by [18]
Life = Ae^

(5.3)

where A and B are constants and T is the absolute temperature. Engineers
have previously used the more or less obsolete rule of thumb that the time to
failure of insulation is halved for each 10® C rise in temperature.
Such deterioration in the insulation is a chemical phenomenon
involving slow oxidation and brittle hardening of the insulation varnish and
leading to loss of mechanical durability and dielectric strength. Consequently,
the temperature rating of an induction motor is a very important factor and
should not be exceeded for long periods of time.
The losses incurred by an induction motor are
(i)
(ii)
(iii)

stator copper loss
rotor copper loss
core loss

By convention, stator copper loss (or any wire-winding loss) is computed on
the basis of the dc resistances. The total stator copper loss per phase is given
by [17]

p, = (/? + /L)R,
where

(5.4)

is the fundamental stator current component
is the total stator rms harmonic current
Rg is the stator resistance.

However, when calculating the loss in a squirrel cage rotor, one must
take into account the skin effect, and consider the rotor resistance as a function
of frequency. The rotor copper loss is calculated independently for each harm
onic where the
harmonic rotor copper loss is given Equation 5.5.
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Pk = KRk

(5.5)

where ^ and R^^ are the
rotor harmonic current and resistance values
respectively.
The total harmonic copper loss is obtained as a summation of the
harmonic contributions. In many cases, the additional rotor copper loss due to
harmonic currents is the principal cause of reduced efficiency on nonsinusoidal supplies.
The time and space MMF harmonics, (see Section 5.4) in the induction
motor cause negligible increase in the core loss. It has been established
however [33], that end-leakage and skew-leakage fluxes may produce an
appreciable core loss at harmonic frequencies and should be taken into
consideration.
5.3.3 Loss Factors for Comparing Modulating Strategies

There are a number of loss factors [32] which can be used to compare
modulating strategies. The first loss factor, cr^, which is used to compare
harmonic copper losses while ignoring the skin effect, is given by
(5.6)
1y

where
is the per unit
fundamental frequency.

stator rms voltage harmonic and

is the per unit

The second loss factor, G2, evolved from <7^ to take into account the skin
effect and is given by
00

T r2

(5.7)

As mentioned earlier, the end-leakage and skew-leakage losses can be
significant and should be taken into account. It has been shown [33] that these
losses are proportional to
where
"•’Iw.

(5.8)

Six-step, TLO and BRM are compared in the Results and Analysis
chapter for the above loss factors (see Figs. 7.9 to 7.10)
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5.4 Magneto-Motive Force (MMF) Harmonics in Induction Motors

The two types of MMF harmonics that exist in an induction motor are
(i)
(ii)

MMF space harmonics.
MMF time harmonics.

The time harmonics are generally more significant and they may result in
objectionable torque pulsations at low speeds.
5.4.1 MMF Space Harmonics

In the design of induction motors, serious efforts are made to distribute
the stator windings so as to produce a close approximation to a sinusoidal
space distribution of MMF. Fig. 5.5 shows a fairly simple winding arrangement
for one phase of an induction motor which gives a stepped approximation of
the ideal sinusoid [34,35]. The dots represent conductors carrying current
outwards while the crosses represent those conductors carrying current
inwards. Fig. 5.6 shows the subsequent MMF distribution.

STATOR

Figure 5.5

Winding distribution for one phase of an induction motor.

The actual MMF distribution may be resolved into a fundamental
component and a series of higher odd space harmonics. For normal well
designed induction motors, the harmonic MMF waves have negligible
amplitudes and attention is confined to time harmonic MMF waves which
have a fundamental space distribution.
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MMF

Figure 5.6

MMF distribution.

5.4.2 MMF Time Harmonics

The current harmonics in the stator windings produce time harmonic
waves of MMF. If, for example, the phase current has a fifth harmonic, the air
gap MMF wave resulting from this particular harmonic is given by
/ = —F^siniScot + 6)

(5.9)

where
is the maximum amplitude of the fundamental space MMF wave
due to the fifth harmonic current, and the fundamental MMF wave is
considered to rotate at a speed co in the direction of increasing $.
This expression represents a sinusoidal distribution of MMF of constant
amplitude which moves at a uniform velocity, 5ft), in the direction of
decreasing 0 (i.e. the fifth harmonic MMF wave rotates at a speed of -5ft) with
respect to the fundamental MMF wave). This movement may be understood
by considering a point P which moves with the wave so that the MMF at P is
constant at all times. For such a point, sin(5ft)t + 0) is constant, and hence
(5cot+d) = K, 2L constant. On differentiating with respect to t , ^ = -5ft) [17].
The seventh harmonic current on the other hand, can be shown to
produce a rotating MMF wave that moves at seven times the synchronous
speed in the same direction as the fundamental. In general, time harmonic
waves of MMF due to harmonic currents of order k = (6n +1), where n is an
integer, rotate in the same direction as the main field, while harmonic
currents of order (6n-l) generate backward-rotating MMF waves. Current
harmonics of order (6)1 +1) are therefore referred to as positive sequence
harmonics while those of order {6n-l) are referred to as negative sequence
harmonics.
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5.5 Torque Harmonics and their Effect on Motor Performance
The dominant pulsating torques in an induction motor arise from the
interaction of the harmonic rotor currents, or MMFs, and the fundamental
rotating flux. The fifth harmonic stator currents for example, form a negativesequence system and produce a space fundamental MMF wave that rotates at
five times fundamental synchronous speed in the opposite direction to the
fundamental field. The rotor currents induced by this time harmonic field
react with the fundamental rotating field to produce a pulsating torque at six
times fundamental frequency, because the relative speed of the rotor MMF
wave and the fundamental air gap field is six times synchronous speed.
The seventh harmonic stator currents also produce a pulsating torque at
six times fundamental frequency. The seventh harmonic has positive phase
sequence and therefore produces a time harmonic field rotating at seven times
synchronous speed in the same direction as the fundamental field. The
relative speed of the main air gap field and the rotor harmonic MMF wave is
again six times synchronous speed, and the two pulsating torques, at six times
fundamental frequency combine to produce a fluctuation in the torque
developed by the motor. Similarly, the eleventh and thirteenth harmonics
produce a twelfth harmonic pulsating torque.
These pulsating torques have zero average value, but their presence
causes the angular velocity of the rotor to vary during a revolution. At very
low speeds, motor rotation occurs in a series of jerks or steps which sets a
lower limit to the useful speed range of the motor. The point at which the
speed pulsations become objectionable depends on the inertia of the rotating
system and the quality of performance required.
TLO significantly reduces the sixth harmonic torque component which
predominates in the case of a six-step supply, resulting in lower operational
motor speeds. It is characteristic of a PWM strategy that low-frequency cogging
torques can be eliminated altogether at the expense of high motor losses and
high-frequency harmonic torques. This is advantageous in applications where
the motor losses are not of great importance at low speeds and if the highfrequency harmonic torques lie above the shaft mechanical resonance
frequency («100Hz).
BRM is unsuitable for low speed applications under constant
volts/hertz operation because the lower order harmonics corresponding to the
output BRM waveforms are very large. Minimisation of these lower order
voltage harmonics is of paramount importance because the motor inductance
cannot limit their resultant currents as effectively as it does the higher order
harmonic currents.
Fig. 5.7 illustrates the voltage harmonic components of six-step, TLO
and BRM (m = 3;/|) respectively which indicate their suitability for high
power/low speed applications.
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(a) six-step frequency spectrum; (b) TLO frequency spectrum; (c)
BRM (m = 3; /i) frequency spectrum.

5.6 Summary
Most static frequency converters generate an output voltage or current
waveform with a significant harmonic content. The current harmonics reduce
the efficiency and increase the temperature of the motor. This temperature
increase shortens the life expectancy of the machine since deterioration of the
insulation is a function of both time and temperature. The current harmonics
may also be the source of objectionable torque pulsations which cause motor
rotation to occur in a series of jerks or steps at low speeds.
The Results and Analysis chapter uses the loss factors given in Section
5.3.3 to compare six-step, TLO and BRM strategies among each other.
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CHAPTER 6
DESIGN OF THE THREE-LEVEE
INDUCTION MOTOR DRIVE

6.1 Introduction
The design of the three-level induction motor drive is presented in this
chapter. A 180W motor was selected for use to ease circuit design difficulties
inherently associated with very high power applications. The block diagram of
the drive circuitry is shown in Fig. 6.1.

Figure 6.1

Induction Motor Drive Block Diagram.

The control signals applied to the inverter were generated using the C
language on an Intel 486 PC. The controlling algorithm featured volts/hertz
control and gradually incremented the output frequency when initially turned
on to avoid the normally large start-up currents associated with the induction
motor. A JAY-JAY dynamometer provided the load for testing the motor.
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6.1.1 Overview

Sections 6.2 and 6.3 describe some of the power semiconductor devices
suitable for use with inverters and give reasons for choosing to build a
MOSFET based inverter. MOSFET drive circuitry and methods of isolating the
MOSFET gate circuits from the control circuits are presented in Section 6.4. The
motor current measuring circuit, along with power supplies and the hardware
layout are given in the following sections, while the printed circuit board
(PCB) layouts and component values are presented in Appendices C and D
respectively. A picture of the three-level inverter that was built is illustrated
in Fig. 6.13 connected to the 180W induction motor and its load.
6.2 Discussion and Comparison of Suitable Semiconductor Devices for use
with Inverters.

The circuit topology of a three-level, three-phase voltage source inverter
(VSI) is illustrated in Fig. 6.2 feeding an inductive load.

Figure 6.2 :- A Three-level VSI.
When designing a power electronic inverter, it is important to carefully
consider which power semiconductor devices are most suitable for executing
the function of switches SI to S9.
These devices (whose symbols are illustrated in Fig. 6.3) can be classified
into two groups according to their degree of controllability.
(i)
(ii)

Thyristors; latched on by a control signal but must be turned off by
the power circuit.
Controllable switches; turned on and off by control signals. This
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category includes bipolar junction transistors (BJTs), MOSFETs,
gate-turn-off thyristors (GTOs), and insulated gate bipolar
transistors (IGBTs). There have been major advanced in recent
years in this category of devices.
Anode(A)

Terminal 1 (Tl)
Base (B)
Gate (G)

Gate

g ■

Cathode (K)

\A
-

Emitter (E)

. Terminal 2 (T2)

(b)

(a)
Drain (D)

» Collector (C)
l-J

(C)

Anode(A)

Collector (C)

Gate (G)
Gate

Gate (G)

Source (S)

(d)

Cathode (K)

(e)

Emitter (E)

(f)

Figure :- 6.3 Semiconductor device symbols (a) Thyristor; (b) TRIAC; (c) BJT:
(d) MOSFET; (e) GTO; (f) IGBT.
6.2.1 Thyristors

The thyristor is a four-layer P-N-P-N device. In its off state, the thyristor
can block a forward polarity voltage (usually the thyristor voltage ratings for
forward and reverse blocking voltages are the same). The device is triggered
into the on-state by applying a pulse of positive gate current for a short
duration provided that the device is in its forward blocking state. The forward
voltage drop in the on-state is only a few volts (typically 2V depending on the
device blocking voltage rating).
Once the thyristor begins to conduct, it is latched on and the gate current
can be removed. The device cannot be turned off by the gate. Only when the
anode current begins to go negative does the thyristor turn off and the current
cease to flow. This allows the gate to regain control to turn the device on after
the forward blocking state has been reached.
Depending on the application requirements, various types of thyristors
are available. Inverter-grade thyristors are designed to have short turn-off
times in conjunction with low on-state voltages. In addition to voltage and
current ratings, additional ratings which must be considered include the rateof-rise of anode current (^) at turn-on and the rate-of-rise of voltage (^) at
turn-off.
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When turned on in the usual manner, the junction of the thyristor will
break-over first in the region of the gate electrode. If the total anode current
were established immediately, the current density in this region would be
excessive, resulting in damage by overheating. Consequently, the rate of rise of
the anode current must be limited to the time taken for breakdown to spread
completely across the junction; a time of typically 10/j.s [28].
It is also important to recognise that the thyristor can be turned on by an
excessive rate of rise of forward voltage. Considering the junction acting as a
capacitor in the off state, a displacement current i = C^ (capacitor charging
current) will exist. Given a high enough rate of rise of voltage (typically
lOOV / jLis) the minority carriers will be accelerated across the junction at a rate
high enough to trigger the thyristor into the on-state even though there is an
absence of gate current. In practice snubber circuits are used with thyristors to
limit both the ^ and ^ values.
Thyristors were used with the earliest inverters because they were the
only suitable devices available. However, extensive commutation networks
using capacitors and inductors are required to bring about turn-off and the
reverse blocking capability of the thyristor is not utilised in inverter circuits
because of the need to include inverse parallel connected feedback diodes.
Consequently, thyristors are nowadays generally confined to multi-MVA
power converters.
The TRIAC is a particular type of thyristor which performs the circuit
function of two thyristors connected in inverse-parallel. Apart from the fact
that it can be triggered by either positive or negative gate voltages, its
characteristics are practically the same as those of the conventional thyristor [9].
6.2.2 Controllable Switches
Controllable switches are now widely used in power converter
applications. The bipolar transistor can be switched much faster than the
thyristor but requires high levels of base current during the on period, the base
current having to be carefully controlled in magnitude to keep the transistor
just into saturation. Too high a level of base current will extend the turn-off
time and possibly delay the removal of base current which is necessary when a
load fault occurs. The Darlington arrangement of the transistor considerably
reduces the base drive requirements at the expense of slightly increasing the
switching times. Care must be taken to ensure an elapse of a few microseconds
after turn-off of the transistor before its complementary transistor is turned on,
otherwise there is a risk of reconduction in the outgoing transistor, giving a
short-circuit across the dc source via the two transistors.
The power MOSFET is by far the fastest switching device and is generally
used in low power applications. Being a voltage-controlled device the gate
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firing controls are less demanding and it is possible to implement the gating
controls directly from microelectronic circuits.
A very popular addition to the family of semiconductor devices is the
insulated gate bipolar transistor (IGBT). This device combines the relatively
high power capability of the bipolar transistor, with the voltage control
features of the MOSFET gate. In effect, the collector-emitter characteristics are
similar to those of the bipolar transistor while the control features are those of
the MOSFET.
Using commutation networks with conventional thyristors limits the
inverter frequency to approximately lOOHz. GTOs extend the frequency up to
about 2kHz and are used in high power applications where they are capable of
handling as much as 5kV and a few kiloamps. The bipolar transistor can
increase the inverter frequency to 20kHz, the IGBT to 50kHz while the power
MOSFET can operate at frequencies as high as lOOkHz. Table 6.1 summarises
the relevant properties of the aforementioned controllable switches [28].
Table 6.1
Device
BJT
MOSFET
GTO
IGBT

Properties of controllable switches
Power Capability
Medium
Low
High
Medium

Switching Speed
Medium
Fast
Slow
Medium

6.3 Reasons for Selecting MOSFETs

The three-level inverter that was built employed n-channel
enhancement type MOSFETs. The decision to use enhancement type MOSFETs
was taken for the following reasons:(i)

(ii)

Unlike the thyristor which requires extensive commutating
circuitry, the power MOSFET can be turned on and off by applying
control signals to its gate terminals.
Bipolar junction transistors have a potential failure mode termed
secondary breakdown (SB). This is a destructive phenomenon,
resulting from high current concentrations in a small portion of
the base caused by defects in the transistor structure which
produces localised hot spots. If the energy in these hot spots is
sufficient, the excessive localised heating may damage the
transistor. MOSFETs do not suffer from SB since they are
minority only carrier devices.
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(iii)
(iv)
(v)

(vi)

The drive circuitry for current controlled devices is more complex
than for voltage controlled devices such as the MOSFET.
There is no need for snubber circuits in relatively low
power MOSFET applications.
MOSFETs are the fastest switching devices available. They permit
the highest frequency modulating techniques to be applied which
makes the inverter suitable for comparing all types of control
strategies.
Enhancement type MOSFETs were chosen over their depletion
type counterparts because they are more commonly used in
power electronic applications and there is a greater selection to
choose from.

6.3.1 Equivalent Circuit of the MOSFET

The MOSFET equivalent circuit is shown in Fig. 6.4 [21]. It is worth
noting that because the device may be considered as having an internal
inverse parallel diode, it has no reverse voltage blocking capability. The
switching behaviour of the MOSFET is largely determined by the time constant
of the series RC circuit, which consists of the input capacitance of the device
and the source impedance of the gate drive circuit. At turn-on there is an
initial delay while the input capacitance charges to the gate threshold voltage,
and there is a further delay before the gate voltage attains the value necessary
for full conduction. MOSFETs begin to turn off immediately upon removal of
the gate voltage, but the switching speed is limited by the rate of discharge of
the input capacitance through the drive circuit. Turn-off is not completed until
the input capacitance has discharged to the gate threshold voltage.

Figure 6.4 :- Enhancement-type MOSFET equivalent circuit.
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6.4 Circuit Designs and Construction

The basic circuit configuration for the three-level MOSFET inverter is
illustrated in Fig. 6.5. The common line of the dc link voltage required two
MOSFET/diode pairs to provide bi-directional control.

Figure 6.5 :- Three Level MOSFET VSI.
Inverse parallel diodes are connected across those MOSFETs which are
connected to either the positive or negative dc terminals. Such diodes are
necessary with voltage source inverters to provide a reverse current path for
energy to be returned from a reactive load to the dc supply. The internal
inverse parallel diodes associated with MOSFETs are generally too slow to be
employed for this function.
6.4.1 MOSFET Drive Circuitry

A Bluechip ADC-42 Control Card provided the interface between the PC
generated control signals and the MOSFET drive circuitry. Six digital output
lines DOUTO
DOUT5 supplied the information to produce the twelve gate
control signals (v^) for the MOSFETs.
Each of the three inverter legs were assigned two digital output lines.
For example, leg A of the inverter was assigned DOUTO and DOUTl for the
purpose of constructing the pole voltage v^q’ UOUTO was programmed to be a
logic 1 to make v^q either
or -V^ while DOUTl was programmed to be a
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logic 0 for the positive half cycle of the output and a logic 1 for the negative
half cycle. Table 6.2 describes the logic used to produce the MOSFET gate
voltages
-> Vq^, which in turn controlled the output v^q
was applied to
Ml, i?G2(i) to M2(i), etc.).
Table 6.2
DOUTO

DOUTl

^G1

0
0
1
1

0
1
0
1

0
0
1
0

Control logic for
^G2(i)

1
1
0
0

1

v AO’

^G2(u)

^G3

"^AO

1
1
0
0

0
0
0
1

0
0
-V,

The hardware required to implement the logic in Table 6.2 is shown in
Fig. 6.6, while the relevant waveforms used to produce
over one cycle for
three-level operation (TLO) are illustrated in Fig. 6.7.

Figure 6.6

Hardware generation of the control signals for leg A of the threelevel inverter.
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Relevant TLO control waveforms for generating vAO-

The pole voltages v^q and v^o were similarly formed where DOUT2 and
DOUT3 were assigned to leg B of the inverter and DOUT4 and DOUT5 to leg C
(refer to Fig. 6.2).
6.4.2 Isolation of Gate Drives
There is a need for electrical isolation in inverter circuits between the
logic level control signals and the MOSFET gate drive circuit. The two most
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common means of isolation are either by the use of pulse transformers or
optocouplers.
Optocouplers were the preferred choice for the three-level inverter that
was built since pulse transformers are adversely effected by magnetic
saturation at low frequencies. The gate isolation circuit for MOSFET Ml is
given as an example in Fig. 6.8. It was discovered that, for the optocoupler
being employed, its turn-on time could be set to a relatively large value by
increasing the value of Rl.l. This was a desirable feature as it provided an easy
means of introducing a blanking time.
Note:-

In bridge circuits, where two power transistors are connected in
series in one inverter leg, it is important to provide a blanking
time so that the turn-on control input to one transistor is delayed
with respect to the turn-off control input of the other transistor in
the leg. This blanking time (which in our case was set to lOjus)
avoids cross conduction which would short circuit the dc link
voltage via the transistors in question [37].
D

Kn Ml

Figure 6.8 :- Isolated MOSFET gate drive circuit.
Fig. 6.9 illustrates the complete interface circuitry between the output
lines of the ADC control card and the gates of MOSFETs Ml and M2(i).
The interface circuits between lines v.G2(h) VQg and MOSFETs
M2(ii) -> M9 are identical to those shown for
/ Ml and 'G2(i) / M2(i)
Components associated with the isolation circuitry are labelled in relation to
the MOSFETs they are employed with. This code of labelling can be recognised
by comparing the isolation circuit labels of MOSFET Ml with those of M2(i).
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6.4.3 Motor Current Measurement
The iine-to-neutral current was measured by placing a resistor (O.IQ) in
series with phase A of the motor and amplifying the voltage across it by a
factor of 10 with the aid of an op-amp (refer to Fig. 6.10). Isolation of the opamp circuit from earth was provided by a 12V DC-to-DC converter (IC14; +12V
to ±12V).
Resistors (R13 and R14) were also placed in series with phase B and C of
the motor to ensure a balanced three phase load.
Phase A

R12

N

Figure 6.10 :- Line-to-neutral Current Measuring Circuit
6.4.4 Power Supplies
Single-phase diode bridge rectifiers, as shown in Fig. 6.11, were used
with capacitor smoothing to produce the dc link voltages and the +12V/+5V
supplies for the control circuitry. The resistors connected across the dc link
smoothing capacitors provided a discharge path in the event of the fuses
blowing, while the current surge suppressors prevented excessive induction
motor starting currents.
The on/off switch (SWl) was strategically positioned to allow the
induction motor coast to a stop when switched off. This was facilitated by the
fact that the MOSFETs kept switching their available power until the dc link
capacitors had completely discharged and the inverter was plugged out. If this
feature was not incorporated and the MOSFETs stopped switching while the
motor shaft was rotating, then regeneration would occur with energy being
returned from the induction motor to the dc link supplies. In such cases
destructive over voltages may result in either the inverter semiconductors or
the dc link capacitors being destroyed.
The values of the smoothing capacitors were calculated using standard
rectifier circuit design theory [21], such that each dc link supply was capable of
supplying a dc current of 2A (at up to 340V) with a 2.5% ripple factor.
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Five floating +12V power supplies were necessary to isolate the gate
drive circuits of the MOSFETs from the control circuits. These were provided
by +12V DC-to-DC converter ICs. Those MOSFETs whose source terminals
were connected to each other had their isolated gate drive circuitry powered
from the same DC-to-DC converters as Table 6.3 reveals:Table 6.3 :-MOSFET gate drive circuit power supplies.
+12V DC-toIC6
DC Converter
MOSFET gate Ml, M2(ii)
drive circuit
groupings

IC7

IC8

M4, M5(ii)

M7, M8(ii)

IC9

ICIO

M2(i),
M3, M6, M9
M5(i), M8(i)

6.4.5 Hardware Layout
Fig. 6.12 illustrates the hardware layout of the three-level motor drive. It
was decided to build two relatively small PCBs rather than a single large one to
ease the design complexity and to make the hardware layout more flexible.
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Figure 6.12

Hardware Layout

6.4.6 Problems Encountered with the Three-Level Inverter

The inverter was initially tested on a resistive load with ±15V connected
to the dc link lines. When the BRM
waveform was applied, occasionally
only two out of the three pulses appeared across the resistive load. This fault
was traced back to the optocouplers which were not being supplied with
enough current to ensure turn-on. The problem was remedied by reducing the
value of the input resistors (Rl.*; refer to Fig. 6.8) to the optocouplers.
The main difficulties arose when Electro-Magnetic Interference [38]
became objectionable once the dc link voltage was raised above lOOV. The
Electro-Magnetic Interference (EMI) continuously reset the hardware clock that
was employed to time-out the BRM pulses. Efforts were initially made to
protect the reset line from the interference but it was finally decided that the
safest option was to replace the hardware clock with a software clock.
Probably the most elusive fault appeared when the EMI problems were
assumed to be solved and the motor was connected to the inverter. After a
short (but apparently random) period of operation the full set of control signals
from the ADC control card collapsed, outputting logic 0 on each line. It was
eventually discovered that the increased level of EMI, (due to the relatively
large currents taken by the motor load), was sufficient to reset the ADC card.
The card was programmed such that when reset, the three input/output ports
were configured as input ports, setting all lines to logic 0. Once identified, the
problem was easily resolved using a software solution.
The objectionable EMI could have been eliminated altogether using EMI
shielding. This however would have been difficult to implement and it would
have made access for scope leads and the like very difficult.
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6.5 Summary
The design of the three-level, three-phase bridge inverter has been
described with solutions outlined for the EMI problems that were encountered.
The PCB layouts and component values are given in Appendices C and D
respectively.

Figure 6.13

The three-level inverter is shown connected to the 180W ABB
induction motor and its load.
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CHAPTER 7
RESULTS AND ANALYSIS

7.1 Introduction
This Chapter contains experimental and simulated results for BRM,
TLO and six-step operation. The experimental results were obtained using the
induction motor drive described in chapter six. The relevant waveforms were
captured by a Tektronix TDA 320 oscilloscope which used a XI00 scope lead to
measure the pole and line-to-neutral voltages.
The simulated results were produced by PSpice which is a generalpurpose circuit program that simulates electronic circuits [39,40,41]. It can
perform analysis on various aspects of electronic circuits: the operating points
of transistors, time domain response, small-signal frequency response, etc.
Models for common circuit elements, active as well as passive, are contained
within PSpice. It is capable of simulating most electronic circuits and is widely
used in both industry and academic institutions.
One phase of the ABB induction motor (see Fig. 5.3), was simulated
using PSpice. Data for the relevant pole voltage waveforms was entered into
the package and the resultant line-to-neutral voltage and current waveforms
were recorded. PSpice is particularly useful for providing information on rotor
and magnetising currents, as shown in Figs. 7.5 and 7.6. This information
would have been extremely difficult to obtain experimentally.
The accuracy of maintaining a constant torque using volts/hertz control
was limited by the high resistance values of the ABB induction motor. This,
however, did not affect the conclusions formed.
7.1.1 Overview
Section 7.2 illustrates the experimental and simulated results obtained
for BRM and six-step operation. The two control techniques are integrated into
the one section because the BRM waveforms for
(case m = 3) are identical to
those of six-step operation. All of the line-to-neutral voltages and full-load
currents are shown for the case m = 3 because they have not been recorded
before and they might not be studied for use with inverters again. Section 7.3
shows the experimental and simulated waveforms of interest for TLO.
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The Analysis section classifies and compares the modulating techniques
studied, where loss factor and THD values are given.
7.2 BRM and Six-Step Results
All the BRM and six-step waveforms of interest are shown in this
section. Reference can be made to the BRM waveform
when one wants to
study six-step operation since both sets of waveforms
& six-step) are
identical.
/15

7.2.1 Pole Voltage Waveforms
Fig. 7.1 shows a selection of the BRM pole voltage waveforms that were
used for controlling the speed of the ABB induction motor. The frequency of
the waveforms was programmed to increase linearly with the output voltage
content in accordance with constant volts/hertz control.

Tck bBIB sks/s

(c)
Figure :-7.1 BRM pole voltage waveforms (case m = 3); (a) /^; (b)
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(c)

(d) fg

Figure >7.1 BRM pole voltage waveforms (case m = 3); (e) /^2/

/15

■

7.2.2 Full-Load Line-to-Neutral Waveforms and their Frequency Spectra.
The BRM line-to-neutral voltages (Channel 2) and resultant full-load
currents (Channel 1) are illustrated in Fig. 7.2 (see those figures which have the
suffix (i)). The current waveforms were recorded by measuring the voltage
across a O.IQ resistor which was connected in series with one of the stator
windings. This voltage was then amplified by a factor of 10 using an op-amp
circuit. Consequently IVolt per division on the oscilloscope corresponds to 1
Amp per division for the current waveforms.
The frequency spectra of the line-to-neutral voltages are shown on the
right hand side in those figures which have the suffix (ii). The amplitude of
each voltage harmonic was calculated using Equations 4.11 to 4.13.
Ttk BDD soo s/s

20 Acqs

Figure 7.2 :- BRM (case m = 3) line-to-neutral voltage and full-load current
waveforms; a(i)
BRM line-to-neutral frequency spectra; a(ii)
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Figure 7.2

BRM (case m = 3) line-to-neutral voltage and full-load current
waveforms; b(i) /2; c(i)
f^. BRM line-to-neutral frequency
spectra; b(ii)
c(ii) f^; d(ii)
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BRM (case m = 3) line-to-neutral voltage and full-load current
waveforms; e(i) /s; f(i) /6;g(i) f?- BRM line-to-neutral frequency
spectra; e(ii)
f(ii) f^; g(ii) f^.
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BRM (case m = 3) line-to-neutral voltage and full-load current
waveforms; n(i)
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BRM line-to-neutral frequency
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7.2.3 No-Load Line-to-Neutral Waveforms

The no-load line-to-neutral currents were also recorded. It was
discovered that due to the inefficiency of the ABB induction motor being used,
the no-load currents were only ~ 12% less than the full-load currents. Refer to
Fig. 7.3 for two examples of BRM line-to-neutral, no load current waveforms.
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Figure 7.3

BRM (case m = 3) line-to-neutral voltage and no-load current
waveforms; (a)
(b)

7.2.4 Simulated Line-to-Neutral Waveforms
A selection of the simulated BRM line-to-neutral voltages and full-load
currents are illustrated in Fig. 7.4. There's no significant difference between
these results and the experimental results shown in Fig. 7.2.
j

200V1

(b)

(a)

Figure 7.4 :- Simulated BRM (case m = 3) line-to-neutral voltage and full-load
current waveforms; (a)
(b) f^.
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(c)

(d)

(e)

(f)

(g)

(h)

Figure 7.4 Simulated BRM (case m = 3) line-to-neutral voltage and full-load
current waveforms; (c) f^', (d) f^; (e) f^; (f) /„; (g) f-^^; (h)
7.2.5 Simulated Rotor and Magnetising Currents

A selection of simulated rotor and magnetising currents produced by
BRM are shown in Figs. 7.5 and 7.6 respectively. These waveforms emphasise
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the power of simulation since it would have been virtually impossible to
capture them experimentally.

(b)

(a)
Figure 7.5

Simulated BRM (case m = 3) full-load rotor currents; (a) f^; (b) fg

(b)

(a)
Figure 7.6

Simulated BRM (case m = 3) full-load magnetising currents; (a)

(b) /,.
7.3 Three-Level Operation (TLO) Results

Compared to BRM, there are fewer TLO waveforms to be studied since
TLO retains its waveshapes over all frequencies.
7.3.1 TLO Experimental and Simulated Waveforms

Fig. 7.7(a) illustrates the TLO pole voltage waveform. The resultant lineto-neutral voltage (Channel 2) and current waveforms are shown in Fig. 7.7(b).
The equivalent simulated waveforms are shown in Fig. 7.8 along with the
frequency spectrum for the line-to-neutral voltage.
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Figure 7.7

TLO experimental waveforms; (a) pole voltage; (b) line-to-neutral
voltage (CH2) and full-load current.

(b)

(a)
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(0
Figure 7.8 TLO simulated waveforms; (a) pole voltage; (b) line-to-neutral
voltage and full-load current waveforms; (c) line-to-neutral voltage frequency
spectrum.
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7.4 Analysis
This section categorises and compares the modulating techniques
studied. The loss factors given in Chapter 6 are calculated, along with the THD
values, for each of the control strategies over the constant torque range of
operations.
7.4.1 Classification of the Modulating Techniques
The modulating techniques described in Chapter 4 may be divided into
the following two groups:(i)

(ii)

PWM techniques for low to medium power applications, such as
SPWM, Regular Sampled PWM and Optimum PWM. These
techniques are characterised by a fixed dc link voltage and a
relatively large number of switchings per cycle .
Fundamental frequency switching techniques (FFSTs) for high
power applications such as twelve-step operation. The features
which characterise this group are (a) a variable dc link voltage and
(b) a minimum number of switchings, per semiconductor device,
per cycle [3].

FFSTs have been found to be particularly appropriate for use with
multi-level inverters. Their advantages over PWM techniques are :(i)

(ii)

(iii)

(iv)

FFSTs have a larger fundamental component than PWM. This
indicates that FFSTs can supply a larger voltage for a given dc link
voltage.
For high power applications the switching losses inherent in
PWM would cause a substantial rise in the inverter operating
temperature. This in turn would result in significant derating of
the semiconductor switching devices.
The generation of high frequency harmonics in PWM increases
Electro-Magnetic Interference (EMI), making it very difficult to
protect the control circuitry of the inverter.
Extra control circuitry is required for PWM techniques to detect
the dwell times of the modulating signal and ensure they are not
breaching the minimum dwell time associated with the
semiconductor switches. In addition, many "gear changes" are
necessary for PWM if operation over a wide speed range is
required. Careful matching of the fundamental voltage
components of the PWM waveforms, which increases the
complexity of the control circuitry, is essential on either side of a
gear change to ensure a smooth transition.
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The main disadvantages associated with FFSTs are
(i)
(ii)

A variable dc link voltage is essential for constant torque oper
ation (the dc link can be varied using a controlled rectifier).
Undesirable low-order harmonics and troublesome torque pulsa
tions, which are eliminated by PWM techniques, are features of
six-step waveforms and to a lesser extent, of twelve-step
waveforms.

7.4.2 Comparison of the Modulating Techniques
Modulating techniques may be compared using the loss factors cr^, O2
and
given in Equations 5.6 to 5.8. These loss factors are graphed for BRM
over the constant volts/hertz range of operation in Figs. 7.9 to 7.11. The THD
for BRM is illustrated in Fig. 7.12 over the same range of operation.

Figure 7.9 :- Copper loss factor for BRM.

Figure 7.10 :- Modified copper loss factor for BRM.
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Figure 7.11

End loss factor for BRM.

THD

Figure 7.12 :-THD for BRM.
The values of
G2 and <73 and the THD for TLO, twelve-step and sixstep operation may be given in tabulated format, (as shown in Table 7.1), since
their waveshapes are retained at all frequencies (when considered over one
cycle). (7^ and the THD for each method of operation is independent of the per
unit frequency (PUF).
Table 7.1 :- Loss factors and THD for TLO, twelve-step and six-step operation.
12-STEP

6-STEP

0.11

<T2(x10'^xVPUF)

TLO
0.26
0.74

2.15
5.18

(TjCxIO’^xPUF)
THD (%)

2.25
16.83

1.4
15.22

a, (xl0‘^)

0.14
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12.8

31.08

BRM produces large harmonic losses as indicated by Figs. 7.9 to 7.12, and
objectionable torque pulsations which severely limit its usefulness for
controlling ac induction motors. Although it is easier to implement than any
of the PWM techniques, the low number of output voltage states provided by
BRM is generally unacceptable for variable speed drives. All of the PWM
techniques offer far superior motor performance for low to medium power
applications and regular sampled PWM Integrated Circuits (ICs) are now
appearing on the market. These ICs will significantly ease the difficulties of
implementing regular sampled PWM.
Table 7.1 reveals that there is very little difference between TLO and
twelve-step operation. Although the twelve-step inverter eliminates the 5'^
and 7'^ harmonics, and its loss factors and THD are slightly less than those for
TLO, it does have the following disadvantages.
(i)
(ii)

It requires three-phase transformers to interface two six-step
inverters. These transformers are bulky and incur further losses.
A twelve-step inverter will always require twelve semiconductor
switches, whereas TLO can operate with just nine if TRIACs are
employed.

The low frequency performance of the ABB induction motor was
investigated under both TLO and six-step operation (twelve-step operation was
not possible using the inverter available). It was found that the motor shaft
was free from irregular rotations for input frequencies as low as 2Hz for TLO.
This was a considerable improvement over six-step operation, which caused
irregular shaft rotation when the input frequency was anywhere below 6Hz.
7.5 Summary
Experimental and simulated results for BRM, TLO and six-step
operation have been investigated. BRM was found to produce large harmonic
losses and objectionable torque pulsations which severely limit its usefulness
for controlling ac induction motors. TLO has advantages over both six-step and
twelve-step operation; it provides superior low-speed motor performance than
that obtained by six-step operation and requires less hardware circuitry than a
twelve-step inverter.
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CHAPTER 8
CONCLUSIONS

Research into the suitability of using BRM with industrial applications
has been prompted by the trend towards computerised control of power
electronic systems. It has been found that the inherent digital nature of BRM
does in fact make it more attractive than PWM for use with ac voltage
controllers and dc choppers.
Although its performance with dc-to-ac inverters is not so positive,
BRM did lead to the investigation of the three-level inverter which is expected
to become more popular in the future as the prices of semiconductor devices
continue to fall. The following section elaborates further on the significant
conclusions arising from this thesis.
8.1 Main Conclusions
In relation to ac voltage controllers, the problems inherent with phase
firing (switching stresses, switching power losses and radio frequency
interference (RFI)) are overcome by BRM and PWM by turning on and off each
of the semiconductor switches when the switch voltage is zero. BRM and
PWM were found to have the same total harmonic distortion and power factor
for purely resistive loads. In the case of loads that are not purely resistive, use
is made of the distortion factor. BRM was discovered to have a much lower
distortion factor than PWM, indicating that for these loads BRM will have a
higher power factor.
BRM may be used in conjunction with dc choppers to provide speed
control for separately excited dc motors. It results in significantly smoother
shaft rotation when compared to PWM, especially at around mid scale power
dispatch. For the same ripple performance BRM can be operated at a higher
controller gain, effectively giving better disturbance rejection and faster
transient performance in a closed-loop control system. In addition, the method
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of producing BRM waveforms is straightforward and comparable with that for
PWM.
BRM was found to be unsuitable for use with a two-level bridge inverter
for the purpose of driving an induction motor. It results in erratic speed
fluctuations when the inverter makes a transition between certain BRM
waveforms which renders it unfit to be employed. BRM performs significantly
better when applied to a three-level inverter but even with its ease of
implementation taken into account, it is still inferior to the more common
present-day techniques.
There has been growing interest in multi-level inverters over the past
decade ( problems do arise however for inverters which have more than three
levels because they require a separate supply for each dc level [4]). A three-level
inverter significantly reduces the lower order harmonics associated with a twolevel inverter for high power applications which require fundamental
frequency switching. It has also been revealed that the performance of a threelevel inverter approaches that of a twelve-step inverter, despite the fact that it
requires significantly less hardware circuitry.
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APPENDIX A

DERIVATION OF A CLOSED FORM
EXPRESSION FOR THE RMS
HARMONIC VOLTAGES OF
INTEGRAL CYCLE BRM
WAVEFORMS

Any one of the linear independent integral cycle BRM waveforms can be
generated from the following formula over a period of (2'”^^ -1) ac cycles
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is the peak value of the supply voltage.
m is an arbitary integer.
a = 0,1/2,...m.
u(t) is the unit step function.
T is the period of the ac supply voltage.
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is an odd function with quarter wave symmetry its fourier series
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We can now write the fourier series representation of the linear independent
Integral Cycle BRM waveforms as
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APPENDIX B
DERIVATION OF A CLOSED FORM
EXPRESSION FOR THE RMS
HARMONIC VOLTAGES OF THREELEVEL BIPOLAR BUM
WAVEFORMS

Any one of the bipolar BRM linear independent waveforms can be generated
from the following formula
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(B.l)
where

is the dc link voltage, (refer to inverter diagrams ; eg figure 4.1)
m is an arbitary integer.
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a = 0,1,2,...m.
u{t) is the unit step function.
T is the width of an individual pulse.
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We now have a closed form expression for
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APPENDIX C

PRINTED CIRCUIT BOARD
LAYOUTS
The top and bottom layers of printed circuit boards PCBl and PCB2 are shown
below

Bottom layer of PCBl

Top layer of PCB2

f&^\ |^\ (^\

pT

Bottom layer of PCB2

APPENDIX D

COMPONENT IDENTIFICATION

RESISTORS
R1.2 ^ R9.2 IkD
R1.4 ^ R9.4 IkD
Rll lOOkQ
R13 O.in /2.5W
R15 15kD /2.5W

Rl.l ^ R9.1 lOkO
R1.3
R9.3 lk£2
RIO lOkn
R12 O.lfl /2.5W
R14 O.in /2.5W
R16 15kn /2.5W

CAPACITORS
Cl 1000HF/400V
C34700HF/25V
C21 :-10nF/25V
C13
NOTE

C2
C4

1000HF/400V
C12 :-10nF/25V

Capacitors C4 to C21 are decoupling capacitors.

SEMICONDUCTORS
DIODES
D1 ^ D9 1000V/3A (IN5408)
BRl ^ BR2 800V/3A Bridge Rectifier (GBPC608)
BR3 50V/1A Bridge Rectifier (W005G)
TRANSISTORS
Ml ^ M9 1000V/3.1A MOSFETs (BUK456-1000B)
Ql.l ^ Q9.1 & Q1.2 -> Q9.2 0.8A/40V BJTs (2N2222A)

INTEGRATED CIRCUITS
ICl (OPTOl.l, 0PT02(ii).l) Quad Darlington Optocoupler
IC2 (0PT04.1, 0PT05(ii).l) Quad Darlington Optocoupler
IC3 (0PT07.1, 0PT08(ii).l) Quad Darlington Optocoupler
IC4 (0PT02(i).l, 0PT05(i).l, 0PT08.1.1)Quad Darlington Optocoupler
ICS (0PT03.1,0PT06(i).l, 0PT09.1)Quad Darlington Optocoupler
IC6 ^ ICIO +12V
±12V DC-to-DC Converter (NMH1212D)
ICll Quad AND gate (CD4081)
IC12 Six’^NOT gates (CD4049)
IC13 Quad AND gate (CD4081)
IC14 +12V ^ ±12V DC-to-DC Converter (NMH1212D)
IC15 :-Quad OP-AMP (TL064)
VRl :- 7812 Voltage Regulator
VR2 :- 7805 Voltage Regulator

TRANSFORMERS
TRl ;- 240V/240V Isolating Transformer
TR2 :- 240V/240V Isolating Transformer
TR3 :- 240V/12V Transformer

SWITCHES
SWl :- Rocker Switch (SPST)

FUSES
FI & F2 :- 5A Super-Quick-Acting Fuses

CURRENT SUPPRESSORS
SPl &SP2 :- lOQ -5A Inrush Current Suppressors

